Dendritic cells (DC) are potent antigen-presenting cells that can stimulate T cell responses by secreting cytokines. During Toxoplasma gondii infection, host immunity is mediated by interferon-g, which is induced by interleukin-12 (IL-12). Whether T. gondii infection would stimulate human DC to produce IL-12 was determined. DC were generated from human peripheral blood mononuclear cells cultured with recombinant human granulocyte-macrophage colony-stimulating factor and recombinant human IL-4. DC secreted high levels of IL-12 in response to lipopolysaccharide but not to either live T. gondii tachyzoites or soluble antigen. However, IL-12 production in response to T. gondii was observed when DC were cocultured in contact with lymphocytes isolated from seropositive donors. Ligation of CD40: CD154 was partially essential for IL-12 secretion. These data demonstrate that signals obtained from contact with sensitized lymphocytes are critical for human DC to secrete IL-12 in response to T. gondii.
Dendritic cells (DC) are professional antigen-presenting cells that possess the ability to initiate primary and secondary T lymphocyte responses [1, 2] . Human DC have been shown to be more efficient presenters of staphylococcal enterotoxins (superantigens) than are B cells or macrophages [3] . Murine DC pulsed with bacille Calmette-Guérin in vitro and then injected into the footpads of naive mice induced strong antigen-specific T cell proliferative responses in draining lymph node and spleen [4] . Similarly, human DC have been shown to present mycobacterial antigen to mycobacteria-reactive T cells in vitro [5] . Furthermore, in vitro studies have demonstrated that human DC stimulate both Th1 and Th2 clones for proliferation and respective cytokine release [6] and induce potent cytotoxic T lymphocyte responses [7] . With regard to parasites, presentation of antigen from Leishmania major by epidermal DC generated strong proliferative lymphocyte responses and lymphokine production in mice [8] . Aside from inducing proliferative and lym-phokine responses in T cells, DC themselves secrete cytokines that, in turn, influence immune responses. One such cytokine is interleukin-12 (IL-12), which has been shown to stimulate NK cells, mediate Th1 development, and foster cytotoxic T lymphocyte development [9] . Murine DC from several different tissues (bone marrow progenitors, spleen, skin) can produce IL-12 mRNA and protein in response to conventional stimuli, such as lipopolysaccharide (LPS), or during contact with T cells [10] . Human DC from peripheral blood progenitors produced both p40 and p70 protein of IL-12 in response to fixed Staphylococcus aureus [10] . Work with both mouse [9] and human [11] DC demonstrates that they are potent producers of IL-12 compared with macrophages. In an immunocompetent host, primary infection with the protozoan parasite Toxoplasma gondii is usually asymptomatic, although it results in the lifelong persistence of the parasite [12] . In immunocompromised persons, such as those with AIDS, the reactivation of these persistent parasites can generate a life-threatening disease. In the United States, between 18% and 25% of patients with AIDS will develop symptomatic toxoplasmosis during the course of their illness [13] . It has long been recognized that during T. gondii infections, host immunity is mediated by the cellular immune response, primarily through the production of interferon-g (IFN-g) [14] . In murine models, it has been shown that NK cells are early producers of IFN-g [15] , which is later produced by both CD4 and CD8 T cells [16, 17] . In mice, CD4 T cells appear to synergize with CD8 T cells that are essential for host protection [16, 17] , while in vitro studies using human T cells isolated from seropositive donors demonstrated that both CD4 and CD8 T cells were cytotoxic for the parasite [18, 19] . Whether the mechanism of parasite killing in humans is through the direct lysis of T. gondii-infected cells by cytotoxic T lymphocytes or the production of IFN-g by activated T cells, which in turn results in the killing or inhibition of replication of the parasite in macrophages [20] , has yet to be defined. T cells of AIDS patients with toxoplasmosis fail to secrete IFN-g [12] . Work by this laboratory [21] and others [22, 23] has demonstrated that in mice infected with T. gondii, early IL-12 production is required to generate a protective response, specifically, IFN-g induction. In these murine models, macrophages were shown to be capable of producing IL-12 [22] , as were DC in murine spleen [24] . However, work with human cells has been less forthcoming. It has been difficult to select resting DC in human blood, although recent advances have allowed for the selection of DC-like cells in culture [25, 26] . The purpose of this study was to determine if generated human DC were capable of producing IL-12 in response to an in vitro exposure to live tachyzoites of T. gondii or Toxoplasma antigen.
Methods
Culture medium. RPMI 1640 medium containing L-glutamine and 25 mM HEPES (Life Technologies, Grand Island, NY) was supplemented with gentamicin sulfate (50 mg/mL; United States Biochemical, Cleveland), b-mercaptoethanol (50 mM; Life Technologies), and 10% heat-inactivated fetal calf serum (Hyclone Laboratories, Logan, UT). Eagle MEM supplemented with 10% heatinactivated fetal calf serum and antibiotics (Life Technologies) was used for human fibroblast cultures.
Parasites and antigen preparation. Tachyzoites (strains PLK and RH) of T. gondii are maintained in our laboratory by continuous passage in human fibroblasts and were isolated as previously described [27] . Soluble Toxoplasma lysate antigen was prepared from sonicated tachyzoites (PLK strain) as previously described [27] .
Antibodies. Generation of DC from human blood. Peripheral blood was obtained from healthy human volunteers in sterile Vacutainer blood collection tubes containing a 15% EDTA solution (Becton Dickinson, Franklin Lakes, NJ). Peripheral blood mononuclear cells were isolated by density sedimentation over Histopaque-1077 (Sigma), and red blood cell lysing buffer (Sigma) was added to remove any contaminating red blood cells. The plasma layer isolated from Histopaque was used to determine if donors were seropositive or seronegative for anti-Toxoplasma antibodies by ELISA. Cells were washed in complete RPMI and plated for 2 h at 37ЊC in culture flasks. Flasks were then gently agitated to resuspend nonadherent cells, and medium was removed. These nonadherent cells were transferred to a fresh flask, retained in culture for 8 days in complete medium without any further selection pressure, and then harvested as bulk lymphocytes for use in experiments. Meanwhile, the adherent cells in the flasks were cultured in complete RPMI supplemented with 2000 U/mL recombinant human (rh) granulocyte-macrophage colony-stimulating factor (GM-CSF; supplied by Immunex, Seattle) and 20 ng/mL rhIL-4 (Peprotech, Rocky Hill, NJ) to generate DC [25, 26] . Every 3 days, medium in these flasks was supplemented with rhGM-CSF and rhIL-4. At day 8, cells demonstrating DC morphology (nonadherent with projections) were harvested and their phenotype characterized by cell cytometry. Lymphocytes isolated from the original nonadherent population as described above from same donor were also phenotyped by cell cytometry for expression of DC markers and CD3, CD14, and CD19 expression. In some experiments, lymphocytes were separated from DC in cocultures by a 0.4-mm-pore sterile Transwell supplied by Corning Costar (Cambridge, MA).
Flow cytometry. Generated DC or bulk lymphocytes (500,000/ 20 mL/well) were resuspended in PBS with 0.1% bovine serum albumin and then added to polypropylene U-bottom 96-well plates Assay for IL-12 secretion. Cells were cultured in 96-well plates with various stimuli for 24 h. Cell supernatants were harvested and then assayed for the presence of IL-12 by ELISA. Two IL-12 ELISA systems were used within these studies: Quantikine human IL-12 p40 subunit immunoassay kits (R&D Systems) and IL-12 p70 DUOSET ELISA (Genzyme, Cambridge, MA). In each case, the manufacturer's instructions were followed accordingly. Optical density of the wells was measured at 450 nm with a microplate reader and analyzed by use of Microplate Manager III (both systems from Bio-Rad [Richmond, CA]). Data are expressed as picograms per milliliter. LPS (isolated from Escherichia coli, serotype O26:B6), used as a positive stimulus for IL-12 secretion, was purchased from Sigma.
Results

Generated DC express cell surface markers indicative of DC.
After 8 days in culture with growth factors, cultured DC demonstrating a nonadherent phenotype with stellate projections were harvested and then analyzed for expression of cell surface markers by flow cytometry. Generated DC consistently dem- Figure 1 . Surface molecule expression of generated DC. After 8 days of culture, phenotypic analysis of generated DC and lymphocytes was done by flow cytometry. Mouse isotype IgG control antibody (P3, 10 mg/mL; dashed rules) was included for each cell type. Results from anti-CD monoclonal antibody (10 mg/mL) are shown with bold rules. Results depict single donor, but similar results were observed for each donor, regardless of whether they were seropositive or seronegative for Toxoplasma antibodies. Presence of lymphocytes augments interleukin (IL)-12 production by generated DC in response to T. gondii. DC (50,000/well, open bars) either in absence or presence of lymphocytes from same donor (ratio 1:10, 500,000 lymphocytes, solid bars; ratio 1:4, 200,000 lymphocytes, hatched bars) were incubated at 37ЊC with either live tachyzoites (toxo; E:T ratio 1:5, 10,000 PLK strain; E:T ratio 1:2, 25,000 PLK strain) or Toxoplasma lysate antigen (TLA; 2.5 or 0.5 mg/ mL) for 24 h. Lipopolysaccharide (LPS) (100 ng/mL) was included as positive stimulus for IL-12 induction. Lymphocytes alone were used at highest concentration (500,000/well, dotted bars). Cell supernatants were harvested, and production of IL-12 p40 subunit was measured by ELISA. Data are expressed in pg/mL for 3 wells/ mean ‫ע‬ SD experiment.
onstrated high cell surface expression of CD1a and CD86 (B7.2) (figure 1) but showed low CD19 and no CD14 or CD3 cell surface expression. Bulk lymphocytes isolated during the DC generation protocol and retained in culture during DC generation (8 days, RPMI) were similarly analyzed and observed to have high cell surface expression of CD3, medium expressions of CD19 (donor-dependent) and CD14, and low or no levels of any DC markers (CD1a and CD86) (figure 1). Therefore, bulk lymphocytes were determined to not possess any contaminating DC but rather were a mixed population of lymphocytes, composed predominantly of CD3-expressing cells.
Presence of lymphocytes augments IL-12 production by generated DC in response to T. gondii. Generated DC incubated with either live Toxoplasma tachyzoites (RH strain) or Toxoplasma lysate (2.5 mg/mL) secreted little IL-12 p40. However, in response to LPS (100 ng/mL), large quantities (2500 pg/mL) of IL-12 p40 were released (figure 2). This observed response to LPS demonstrated that the generated DC were capable of IL-12 secretion but suggest that T. gondii did not provide sufficient stimulus. IL-12 was detected in response to either live parasites or Toxoplasma antigen in the cell supernatants of cocultures of DC with bulk lymphocytes isolated from same donor. A ratio of DC to lymphocytes of 1:10 yielded higher IL-12 secretions than did a ratio of 1:4 (figure 2). In the absence of DC, bulk lymphocytes at the highest concentration used (500,000/well) failed to secrete any IL-12 in response to any stimuli, including LPS (figure 2). NOTE. DC (20,000/well) were incubated either alone or in presence of lymphocytes (200,000/well; DC:T cell ratio 1:10) from respective donor. Cells were incubated with either live tachyzoites (RH strain; 4000/well; E:T ratio 1:5) or Toxoplasma lysate antigen (TLA; 2.5 mg/mL) or lipopolysaccharide (LPS; 100 ng/mL) for 24 h. Cell supernatants were harvested, and IL-12 p70 production was assayed by Duoset ELISA. Data are expressed in pg/mL as of triplicate wells/experiment. mean ‫ע‬ SD Cells from seropositive persons produce Il-12 in response to T. gondii. It was observed that the highest IL-12 response occurred in cocultures of cells from donors previously exposed to Toxoplasma organisms. To verify this observation, a comparison between cells isolated from seropositive and seronegative donors was made. As shown in table 1, DC from seronegative donors secreted IL-12 p70 in response to LPS (2000-6000 pg/ mL, donor-dependent) but very little in response to stimulation with live tachyzoites (100-700 pg/mL) or Toxoplasma lysate antigens (100-800 pg/mL) when in cocultures, with less or none produced when DC were cultured alone. On average, in response to Toxoplasma organisms or antigen, the IL-12 secretions in cocultures of cells from seronegative persons were !0.64-fold higher than the IL-12 levels observed in response to medium alone for those cocultures. In contrast, cocultures of DC and bulk lymphocytes from donors who are seropositive for Toxoplasma antibodies responded strongly with IL-12 production in response to Toxoplasma (1200-3000 pg/mL), with an average of a 2.4-fold increase compared with medium alone. As observed earlier, bulk lymphocytes alone in culture from these donors produce little if any IL-12 in response to either T. gondii or LPS (table 1) . Similarly, maximal IFN-g production in response to T. gondii was observed in cocultures of DC and lymphocytes from seropositive donors only (data not shown). Generated DC from either seropositive or seronegative persons were infected equally (30%) by Toxoplasma tachyzoites, as observed by cytospin preparations of cocultures (data not shown). Similarly, there was no observable difference between cocultures of cells from seropositive and seronegative donors for infection of the bulk lymphocytes (!1%) or of the contaminating macrophages in the bulk lymphocyte population (10%). In all cytospin preparations of stimulated cocultures, DC were observed to be surrounded by lymphocytes, regardless of whether the cells were obtained from seropositive or seronegative donors.
Contact is required between DC and lymphocytes for maximal IL-12 production. To determine if contact between the DC and lymphocytes was required to stimulate IL-12 production, the previous experiments were repeated using Transwells to separate the two populations of cells. In this study, to accom- (two-tailed; ). P ! .001 modate the Transwell, an upgrade from the 96-well plates used above to a 24-well plate had to be made, with a subsequent increase in cell numbers; however, the ratio of DC to lymphocytes was maintained. As shown in table 2, in response to T. gondii, IL-12 was detected in wells where DC and lymphocytes were in contact. However, no or reduced amounts of IL-12 were detected in supernatants of the same cells stimulated with T. gondii when DC and lymphocytes were separated by a Transwell. Depending on the donor, the IL-12 production in response to LPS was consistently high, even when the cells were separated by a Transwell.
Ligation of CD40:CD154 and not IFN-g secretion is required for IL-12 production in cocultures.
To determine if the sensitized lymphocytes from seropositive donors were producing low levels of IFN-g that, in turn, stimulated DC for IL-12 production in response to the parasite, a neutralizing anti-IFNg antibody was added to the cocultures of seropositive subjects. The addition of anti-IFN-g (10 mg/mL) failed to suppress the quantity of IL-12 generated within the coculture wells in response to either live tachyzoites or soluble Toxoplasma antigens compared with levels generated in the presence of the same concentration of a control goat IgG (data not shown). Similarly, to determine if CD40:CD154 ligation played a role in inducing IL-12 secretion in cocultures in response to T. gondii, an antibody to CD154 was added to cocultures of DC and lymphocytes from a seropositive donor. The presence of the blocking anti-CD154 MAb diminished the secretion of IL-12 in response to either live parasites or parasite antigen by 69% and 80%, respectively, but had no effect on IL-12 production in response to LPS compared with cocultures incubated with an isotype control MAb ( figure 3) .
Discussion
These results demonstrate that human DC, generated in vitro from peripheral blood mononuclear cells, are capable of producing IL-12 in response to either live T. gondii or parasite antigens. However, T. gondii alone as a stimulus is insufficient for IL-12 induction in DC, and the presence of lymphocytes is required, specifically lymphocytes from donors previously exposed to T. gondii, to achieve maximal IL-12 stimulation of DC.
In our study, contact between generated DC and lymphocytes was crucial for maximal IL-12 stimulation by T. gondii. This contact requirement suggests the necessity for receptor-ligand interactions between DC and lymphocytes. DC form distinct clusters with T lymphocytes at 37ЊC in vitro [5] , and these clusters are further stabilized as the interaction proceeds [28, 29] . Phenotypic analysis of T lymphocytes within such clusters shows a high frequency of specific responding CD4 T lymphocytes [1, 2] . In addition, DC can prime CD8 T cells within clusters for cytotoxic responses and may do this via CD4 help or independently of helper T lymphocyte functions [30, 31] , demonstrating that DC are capable of interacting with both CD4 and CD8 T cells. Our data suggest that DC-lymphocyte interactions are important for DC activation in response to parasite exposure. We are currently exploring the specific phenotype of lymphocytes that are in contact with DC in this system, although preliminary flow cytometry data suggest that CD3 cells constitute the bulk of the lymphocyte population.
In the murine system, two distinct pathways for the induction of IL-12 in splenic antigen-presenting cells have been described, depending on the stimulus [32] . One pathway, for T celldependent antigens, required CD40 costimulation, whereas other stimuli, such as bacterial products (LPS), could induce IL-12 in the absence of T cells or CD40 costimulation [32] . Here we demonstrate that DC, from either seropositive or seronegative persons, were capable of IL-12 production in response to LPS in the absence of T cells, suggesting that LPS is a T cell-independent antigen for human DC. However, in response to T. gondii, either infection with live parasites or addition of exogenous antigen, the presence of sensitized lymphocytes (i.e., from seropositive donors) was necessary for maximal IL-12 production, suggesting the T. gondii and its products are T cell-dependent antigens. The T. gondii response observed herein was not limited to a specific strain of parasite, as live infection used the RH strain of tachyzoites whereas the parasite antigen preparation was obtained from the PLK strain. Furthermore, the inhibition of IL-12 secretion in the presence of anti-CD154 MAb establishes the importance of CD40:CD154 ligation for the induction of IL-12 in response to Toxoplasma antigen. A similar observation for the response to tetanus toxoid has been shown by Cella et al. [11] , whereby in vitrogenerated human DC respond to tetanus toxoid for IL-12 production only when DC are in the presence of a tetanus toxoid-specific T cell clone. Using an antigen-specific T cell clone, those authors demonstrated the necessity for CD40:CD154 interaction between DC and T cells for IL-12 induction. Unlike work using T cell clones [11] , in our study we used bulk lymphocytes from the donors, together with a live infection of parasites, which may be considered to be a more accurate account of a natural in vivo response. The induction of high levels of IL-12 in response to the parasite by DC in the presence of lymphocytes from seropositive donors suggests the involvement of primed cells.
IL-12 production in murine DC can be independently triggered by ligation of either CD40 or major histocompatibility complex (MHC) class II [9] . MHC class II molecule synthesis is active in fresh blood DC [33] , and expression increases when cells are cultured [34] . It has been suggested that only a few hundred MHC-antigenic peptide complexes may be needed among the several million molecules on the DC surface to generate a specific response, such as T cell proliferation [35] . Although most studies focus on DC induction of T cell responses, a reciprocal model has recently been proposed to suggest that specific T cell receptor binding to MHC-antigenic peptide might provide a permissive signal to DC [2] . Data [36, 37] now suggest that T lymphocyte recognition of specific antigen effectively converts DC into relatively antigen-specific antigenpresenting cells. Also, recent work using murine cells has demonstrated that CD40 ligation on DC by T lymphocytes "empowers" the DC to then stimulate killer T lymphocytes [38] [39] [40] . Therefore, not only do DC regulate T lymphocyte responses, but they, in turn, are regulated by signals from T cells. Our work herein supports this hypothesis, as maximal IL-12 induction is observed only when DC are cocultured with sensitized lymphocytes, indicating that the interaction with lymphocytes regulates DC.
The diminished levels of IL-12 secreted in the presence of anti-CD154 MAb demonstrated the importance of CD40: CD154 ligation for the induction of IL-12 in response to the parasite. However, as complete inhibition was not observed, there may be both CD40-dependent and CD40-independent mechanisms for IL-12 induction. Other costimulatory molecules that could play a role are (CD80/CD86):CD28. Generated DC described herein were consistently high for CD86 expression (see figure 1 ) on cells from both seropositive and seronegative donors. MHC signaling is known to enhance CD80/CD86 expression, as is CD40:CD154 ligation [36] . Our results from the Transwell experiments suggest not only that contact-mediated events were necessary for IL-12 induction in response to the parasite but that the exchange of soluble products between the cells was insufficient for IL-12 induction. The addition of anti-IFN-g failed to lower the IL-12 produced by the generated DC in cocultures with lymphocytes from seropositive donors, suggesting that the mechanism of lymphocyte stimulation of DC is not mediated through IFN-g release. DeKruyff et al. [32] showed a similar observation in the murine system, whereby for either pathway of IL-12 stimulation (T celldependent or -independent antigen), the presence of IFN-g was not required for induction of IL-12; however, the addition of exogenous IFN-g enhanced IL-12 production.
The results of our in vitro study demonstrated that contact between primed lymphocytes and DC was essential for the induction of IL-12 in response to the parasite. In vivo, contact between these cell types would be achieved, as after the uptake of antigen, DC then migrate to T cell-rich regions of draining lymph nodes. We have observed that IL-12 mRNA expression is found in spleens of mice within 1 h of infection (Matsuura T, unpublished data), and others have shown that DC in mouse spleens stain for IL-12 p40 production after intravenous injection with Toxoplasma antigen [24] . These observations between the human and murine studies differ in that for the murine studies, IL-12 was produced in naive animals, demonstrating a role for DC in the innate immune response, while the results presented herein indicate that for humans, maximal IL-12 production was observed in cells isolated from donors previously exposed to Toxoplasma species, suggesting a role for DC in the acquired immune response. Within the acquired immune response, it has been proposed that activated/memory T cells exist that readily express CD154, which, on recognizing antigen and ligating with CD40 on DC, would then efficiently stimulate DC for production of IL-12. This production of IL-12 would favor a Th1 response and, subsequently, IFN-g production. Furthermore, recent work with murine cells has demonstrated that ligation of CD40 on DC conditions the DC to activate cytotoxic T cells [38] [39] [40] . Cytotoxic T lymphocyte activity is an important protective response against intracellular pathogens, such as Toxoplasma.
In contrast to works using T cell clones [6, 10] , in our study we used bulk lymphocytes kept in culture for 8 days without any further antigenic selection. Therefore, our observations suggest a natural phenomenon that may occur during T. gondii infections, wherein on reexposure to the parasite (either by reinfection or reactivation of brain cysts), there exist sensitized lymphocytes that are capable of interacting with infected or antigen-pulsed DC. These DC-lymphocyte interactions lead to the production of IL-12 which, in turn, would be used to generate a rapid and strong protective response. This same model may be postulated to occur for AIDS patients with toxoplasmosis, whereby in the absence of sensitized lymphocytes (CD4 T cell count !200 cells/mm 3 ) DC-lymphocyte interactions may fail to occur, resulting in poor or no production of IL-12, which is an important mediator of the induction of protective immunity.
